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Long fiber reinforced thermoplastics compression molding with direct in-line compounding (LFT-D) has gained
increased popularity for semi-structural components. Yet process simulation that accounts for the material’s
irregular initial conditions at the onset of molding remains largely unexplored. In particular, experimental work
in the literature has shown that the flow front during compression molding of plates exhibits a pronounced
skewness, which is attributed to the plastificate’s spatially varying void-content distribution along the extrusion
direction. In addition, the initial fiber orientation field is highly anisotropic and spatially varying, resulting in
anisotropic macroscopic flow behavior. In this work, we present a methodology to incorporate this initial
condition into a two-way flow—orientation coupled simulation framework for LFT-D compression molding
considering a no-slip boundary condition. The experimentally determined void-content distribution is modeled
through a geometric approach that scales the plastificate height, and the three-dimensional initial fiber
orientation field is prescribed using a geometric generation methodology. The framework is applied to parallel
plate compression molding with lateral plastificate positioning of a CF-PA6 LFT-D, and the predicted fiber
orientations are compared with experimental observations. The simulations confirm that the inhomogeneous
void content is a major contributing factor to the skewed flow front.

1. Introduction compounded material is then pushed through the second extruder’s

rectangular nozzle and cut to length. During this process, fiber rovings

1.1. Motivation and state of the art

Compression molded long fiber reinforced thermoplastics (LFT)
have gained significant prominence in recent decades, particularly in
the automotive industry. A notable potential application is in electric
vehicle battery housings, driven by the sector’s transition towards
electrification. These materials offer superior mechanical properties
compared to injection molded thermoplastic components due to the in-
creased fiber length, making them suitable for (semi-)structural compo-
nents. Moreover, due to the thermoplastic matrix, LFTs are in principle
mechanically recyclable by remelting and reprocessing [1-3], address-
ing the increasing demand for sustainability and circular economy
integration.

Direct in-line compounding of long fiber reinforced thermoplastics
(LFT-D) offers increased design flexibility over pellet-based LFT by
tailoring the material composition to specific component requirements.
This process comprises two consecutive co-rotating twin screw extrud-
ers. The first extruder liquefies the polymer granulate and mixes it with
the additives. In the second extruder, continuously fed fiber rovings
are compounded with the molten thermoplastic matrix material. The
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break and disperse due to substantial shearing induced by the extruder
screws. The bulk semi-finished material, referred to as plastificate in
this work, is transferred immediately to the press for compression
molding. Schematics of in-line compounding are available in, e.g., [4,
51.

Anisotropic viscosity modeling. LFT-D exhibits highly anisotropic macro-
scopic properties [6,7] resulting from the anisotropic and spatially
varying fiber orientation field, making prediction of fiber reorientation
during manufacturing crucial. Importantly, fibers not only reorient
following the velocity field but also influence it, as demonstrated
experimentally for LFT-D [5] and related systems such as glass mat
thermoplastics (GMT) [8-10] and bundle-like thermoplastics [11]. This
flow—orientation coupling, governing the anisotropic material response
on the macroscopic scale, is typically modeled using anisotropic vis-
cosity models [12-15]. Such models have been successfully applied
to various discontinuous fiber reinforced materials [16-18]. For bulk
LFT compression molding, previous numerical studies have exclusively
employed isotropic viscosity models within commercial molding frame-
works [19-21] or 2.5D in-house code [22], all limited to one-way
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flow-orientation coupling. However, in our recent work [5], we char-
acterized a LFT-D material and observed fiber-induced anisotropic flow
in squeeze flow experiments.

Initial fiber orientation distribution. For consistent fiber orientation evo-
lution modeling, the plastificate’s spatial fiber orientation distribution
resulting from in-line compounding must be considered [20,23]. This
holds particularly when modeling anisotropic material behavior. The
fiber orientation within the plastificate (at molding onset) has been
characterized using pCT imaging in several studies for various materi-
als: glass fiber reinforced polypropylene (GF-PP) LFT-D [20,24], carbon
fiber reinforced polyamide six (CF-PA6) LFT-D [23], and CF-PA6 pellet
LFT [21]. For twin-screw setups, the initial fiber orientation exhibits
consistent characteristics across different materials and die geometries:
a more isotropic orientation near the center, swirl-like patterns around
extruder screws, circumferential orientation towards the perimeter, and
a thin surface layer with fibers aligned in the extrusion direction. Given
the nature of the extrusion flow, periodicity in the extrusion direction
[20] and twofold symmetry of the plastificate cross section [23,25] are
assumed in literature. Song et al. [20,25] mapped pCT-derived initial
fiber orientation onto numerical meshes (within a one-way coupled
finite volume framework), whereas we proposed a geometry-based
methodology [23] to generate the initial fiber orientation distribution
incorporating the aforementioned characteristics.

Skewed flow front and void content. Despite advances in understand-
ing and modeling initial fiber orientation, experimental observations
reveal phenomena unexplained by fiber orientation alone. Notably, the
skewed flow front observed experimentally in LFT-D compression mold-
ing [6,26,27] cannot be attributed solely to fiber-induced anisotropy
and three-dimensional initial fiber orientation. Several studies report
that the principal fiber direction deviates from expectations during
molding of planar parts with lateral plastificate positioning (GF-PP
[28]; CF-PA6 and GF-PA6 [6,29]), which is clearly reflected in the
resulting macroscopic mechanical properties [6,30]. In a recent work
[27], we identified the density distribution as a contributing factor:
the effective density of the plastificate that first exits the extruder
(the old end) is lower than that of the new end. This density gra-
dient’s influence on flow behavior has been investigated numerically
within an uncoupled built-in finite element framework (Moldflow) with
qualitative material parameters [27]. In addition, we made purely
qualitative assumptions on the density, assuming a linear increase
along the extrusion axis. This density difference is corroborated by
void-content distribution measurements of the plastificate [29]. Note
that the void content directly determines the effective density, making
both quantities equivalent representations of the same physical phe-
nomenon. A temperature gradient along the plastificate’s surface has
been reported in [26]; however, no significant temperature gradient
exists within the plastificate at the onset of molding [27]. This rules
out the initial temperature distribution as a major contributing factor.
Furthermore, we ruled out geometric deviations in the tool through
a comprehensive parameter study [27]. A first investigation into the
influence of extruder settings, specifically the nozzle height and nozzle
temperature of the second extruder, on the plastificate microstructure
and the formation of a skewed flow front has been carried out in [31]. A
coupled simulation framework combining anisotropic viscous behavior,
three-dimensional initial fiber orientation distribution, and initial void
distribution has yet to be established.

1.2. Originality

We introduce a two-way flow-orientation coupled simulation ap-
proach for LFT-D compression molding, which simultaneously accounts
for the material’s anisotropic nature and the plastificate’s inhomoge-
neous initial material state at the onset of molding. Building on the
purely synthetic void-content modeling in [27], we present a method-
ology that considers the spatially varying void-content distribution of
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the physical plastificate. To this end, we determine and analyze the
void-content distribution along the extrusion axis based on available
pCT data of an LFT-D plastificate [29]. As the plastificate’s initial fiber
orientation is crucial for modeling anisotropic behavior, we revisit the
initial fiber orientation state both experimentally and from a modeling
perspective, employing the geometry-based generation methodology
previously introduced in [23]. Based on parallel plate compression
molding, we investigate the influence of orientation-dependent viscos-
ity and void-content distribution on the flow pattern and fiber orienta-
tion evolution, comparing results with experimental observations. The
main contributions of this work are summarized as follows:

» A two-way flow—orientation coupled non-Newtonian simulation
methodology for LFT-D compression molding considering no-slip
boundary conditions.

+ Consideration of the experimentally determined void-content dis-
tribution and the initial fiber orientation distribution.

The remainder of the work is structured as follows: Section 2 begins
with a description of the investigated material system, followed by the
presentation of the experimental flow study. Then, the plastificate’s
void content and the initial fiber orientation are analyzed. In Sec-
tion 3, the macroscopic simulation methodology for LFT-D compression
molding is presented, comprising a revisit of the governing equations,
the anisotropic viscous material model, the approach for modeling
the plastificate’s initial fiber orientation, and the novel methodology
for considering the void-content distribution through an initial height
field. The section concludes with the definition of the simulation model
and boundary conditions. In Section 4, the simulation results are pre-
sented, including a mesh convergence study and an investigation of the
influence of anisotropy coupling. Section 5 discusses the results and
Section 6 contains the conclusion and outlook.

1.3. Notation

This manuscript uses symbolic tensor notation. Bold lowercase let-
ters denote vectors (e.g., a), bold uppercase letters denote second-order
tensors (e.g., A), and double-struck letters denote fourth-order tensors
(e.g., A). For tensor contractions of equal order, we write, e.g., (AB); ;=
AjyBy;. The linear mapping of a fourth-order tensor on a second-order
tensor is expressed as (A[B]);; = A;;,By. For the scalar product,
we write, e.g.,, A- B = A;;B;;. The dyadic product is expressed as,
e.g., (@a®b); = ab;, and ()% denotes the ith time dyadic product.
The second-order identity tensor is denoted by I, and the fourth-order
projection tensor onto symmetric deviatoric tensors is denoted by 19V,

2. Experiments

This section presents the experimental flow study and the charac-
terization of the LFT-D plastificate, focusing specifically on the void
content and fiber orientation. The LFT-D composite under investi-
gation consists of Zoltek PX3505015W61 carbon fibers (CF, d; =
7.2pm) and polyamide 6 (PA6) with the trade name DOMO Tech-
nyl Star XY 1352 BL Natural, which has been utilized in several
related studies [5,6,23,29]. The nominal fiber volume content ¢; is
approximately 26 %, and the arithmetic mean fiber length I; is 1.6 mm
[6]. Given the material’s fiber volume content and mean fiber aspect
ratio (7= I;/d; ~ 222), the investigated composite is considered con-
centrated. A detailed description of the in-line twin-screw extruder
setup (with co-rotating extruder screws) and the corresponding screw
configuration for plastificate manufacturing are given in [4,5,27].
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2.1. Flow study and final fiber orientation

The flow study on CF-PA6 was conducted on a polished steel tool
with a diving edge and dimensions 400mm X 400mm with lateral
plastificate positioning. The rectangular die of the second twin screw
extruder has a width of 75mm and the height was set to 35mm. The
final part’s nominal thickness is approximately three millimeters. To
investigate the flow front evolution at different stages of compression,
the flow path length was adjusted by increasing the final mold gap A,
through placing metal spacers between the mold halves. Consequently,
each molding cycle provides a single contour. Four repetitions per
final mold gap were performed. All molding trials were conducted at
the Fraunhofer Institute for Chemical Technology (ICT) in Pfinztal,
Germany, on a Dieffenbacher DYL 630/500 parallel-guided press.

The left graph in Fig. 1 shows the resulting contours (line style)
at different adjusted final tool gaps (color). The red dashed outline
indicates the initial position and dimensions of the plastificate at the
onset of molding. The extrusion direction is indicated by an arrow,
where the tip of the arrow points to the old end. The right graph in
Fig. 1 shows the relative flow front skewness s;; following [27] of the
contours, which describes the relative deviation of the flow front’s areal
center in the 2-direction from the 1,3-plane at x, = 200 mm . The sign of
s¢r encodes the skewness direction: s;; < O corresponds to a flow front
tilted towards the positive x5 direction (right-skewed), while sz > 0
corresponds to a tilt in the negative x5 direction (left-skewed). The
colorings in the left and right graphs are identical. The results show the
formation of a skewed flow front, i.e., the flow fronts are not symmetric
with respect to the 1, 3-plane at x, = 200mm and exhibit a distinct
rotation around the out-of-plane 3-axis, which is reflected in s; and
consistent with the results on GF-PA6 (¢; ~ 19 %; same PA6) reported
in [27]. However, there are also realizations that exhibit little skewness
(e.g., solid purple line at A,;, = 5mm) or even an inverse skewness
(e.g., dashed gray line at h,;, = 4mm), which highlights the process-
inherent scattering of LFT-D manufacturing. As discussed in Section 1.1,
in a previous study [27], we ruled out geometric deviations in the tool
and the temperature distribution within the plastificate (at the onset of
molding) as causes of the skewed flow front, but identified the density
distribution of the plastificate as a major contributing factor. Although
PA6 is moisture-sensitive, moisture uptake is considered an unlikely
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source of the observed skewness, as the PA6 was preconditioned ac-
cording to the manufacturer’s instructions, and the transfer from the
heated, insulated conveyor belt to the press offers minimal opportunity
for water intake.

In addition to the flow front analysis, the final fiber orientation
distribution is investigated using data from Scheuring et al. [6], who
determined the fiber orientation on 25 mm X 25 mm X 3 mm samples at
nine positions extracted from a plate molded with the same material
and process settings. The fiber orientation is described by the ith
(even) order fiber orientation tensor A(,-) [32,33], which represents the
statistical moments of the fiber orientation distribution function ¥(p),
with p € 2, where p represents a fiber’s orientation vector, and S?
denotes the unit sphere. The ith order fiber orientation tensor is defined
as:

Ay = / ¥ (p)p®'ds, b}
S2

where (-)® denotes the i-fold dyadic product. Since fiber evolution
equations typically employ the second-order fiber orientation tensor,
we restrict our analysis to this order. Fig. 2 shows the through-
thickness averaged second-order fiber orientation tensor A rendered
as superquadric glyphs [34]. Since the fiber orientation does not vary
significantly through the thickness [6,29], averaging across the thick-
ness is reasonable. Furthermore, all averaged tensors exhibit strong
alignment and pronounced planar orientation, i.e., Ay; ~ 0, i = 1..3.
Analogous to the flow front, the averaged fiber orientation tensors
exhibit rotation around the out-of-plane 3-axis, predominantly in the
positive direction. Both the magnitude and sign of this rotation are non-
uniform across the plate, which is to be expected given the flow pattern
(cf. Fig. 1) and the process-inherent scattering [5]. During the final
stages of compression, when the flow front contacts the rear mold wall,
significant lateral flow is induced in both the positive and negative 2-
direction, causing fibers to rotate strongly around the out-of-plane axis
depending on their spatial position within the flow field. This is evident
in the top and bottom right glyphs in Fig. 2. Under ideal (symmetric)
molding conditions, the resulting fiber orientation of the center-right
sample in Fig. 2 would be expected to align predominantly with the 1-
direction. The observed deviations from this ideal orientation pattern
(cf. Fig. 1), combined with the spatial variability evident in Fig. 2,
underscore the material’s complex nature.
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Fig. 1. Experimental flow front contour of individual short shots (line style) for different final tool gaps ., (color) (left) and relative flow front skewness s
following [27] (right). Note that each short shot produces exactly one contour, i.e., one line-style-color combination. The red dashed outline in the left subplot

indicates the plastificate position at the onset of molding.
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Fig. 2. Location (left) and through-thickness averaged fiber orientation tensor
glyphs [34] (right) from pCT scans of a CF-PA6 plate [6]. The samples have
dimensions 25mm X 25mm X 3mm. The placement of the plastificate is
indicated by the dashed outline on the left. The sample labels follow the
nomenclature of [6], where “C” denotes the charge (initial plastificate region),
“F” the flow, and “C-F” the intermediate region. The numbers 1, 2, 3 indicate
the samples in the 2-direction.

2.2. Plastificate’s void content

Voids in the LFT-D plastificate are suspected to originate from the
fibrous network that forms as fibers touch and interact during com-
pounding in the second extruder. Upon exiting the second extruder’s
nozzle, the elastic energy stored within the compressed fibrous network
is released, and this spring-back effect is considered the primary driver
of void formation. Given the size of the voids (cf. Fig. 4(a), discussed in
Section 2.3), it is rather unlikely that the fiber-matrix interface governs
void formation.

Since pCT scans of a CF-PA6 plastificate were not available, the
void-content analysis is performed using existing uCT data of a GF-PA6
plastificate (with the ends cut off) from [29]. The GF-PA6 features the
same PA6 matrix material as the CF-PA6 investigated here, and the scan
resolution is 78 pm vx~!. Given that a skewed flow front is observed for
both materials (GF-PA6: [27]; CF-PA6: Section 2.1), the void-content
characteristics are expected to be qualitatively transferable between
the two systems. Fiber volume content, fiber length distribution, fiber
curvature, and fiber stiffness may also influence the void-content dis-
tribution; however, their influence has not yet been investigated in the
literature.

The plastificate’s contour along the extrusion axis is determined by a
series of morphological operations using circular kernels of size k from
the pCT data, as proposed in [29]. The slice-wise void content v is then
determined from the number of void voxels within the detected LFT-D
contour (via thresholding) divided by the total number of voxels within
the contour. The kernel sizes were chosen as k; = 30px for dilation
and k. = 15px for erosion. An active contour algorithm [35] was also
evaluated but proved unable to satisfactorily capture the plastificate’s
non-convex, irregular contour.

Fig. 3 shows the void-content distribution of the plastificate along
the extrusion axis. The void content does not increase continuously
along the extrusion direction, but rather exhibits a recurring periodic
fluctuation, with the maxima becoming progressively larger towards
the old end. These increasing maxima could be attributed to time-
dependent lofting effects: because in-line compounding is a continu-
ous extrusion process, a systematic time-after-extrusion gradient exists
along the plastificate, with the old end having been exposed to ambient
conditions for longer than the new end, leading to more extensive
lofting and thus higher void content towards the old end. This inter-
pretation is supported by Schelleis et al. [27], who reported a decrease
in the plastificate’s effective density of approximately 10 % towards
the old end, corresponding to higher void content. Quantitatively, the
average void content v is approximately three percent higher in the old
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Fig. 3. Void content along the extrusion axis for the GF-PA6 plastificate.

end compared to the new end. Consequently, the measured difference
in effective density in [27] is not reflected to the same extent in the
void content of the analyzed plastificate. It should be noted that the
void-content analysis does not account for local changes in fiber volume
content. However, a systematic deviation along the extrusion axis is
unlikely given the continuous compounding process. We recognize that
utilizing data from a single scan is an approximation; however, it offers
an improvement over the current purely qualitative method introduced
in [27].

2.3. Plastificate’s initial fiber orientation

The fiber orientation distribution within the plastificate is inves-
tigated using volume-averaged second-order fiber orientation tensor
data determined from pCT scans of cut-outs from CF-PA6 plastificates
[23,29]. The scan resolution is approximately 73umvx~!, which is
several times the diameter of a carbon fiber (~7.2 pm) due to the large
scanned volume. However, Perez et al. [24] demonstrated that fiber
bundles reasonably capture the spatial fiber orientation distribution,
an assumption successfully adopted in subsequent studies on GF-PP
[20] and CF-PA6 [21]. Due to the similar molecular structure of CF
and the polymer matrix, the resulting pCT images exhibit low con-
trast, making algorithmic identification of individual (split) CF bundles
challenging. Therefore, the fiber orientation distribution is assumed to
follow the structural orientation discernible in the pCT images, which is
reasonable given the high void content (cf. Fig. 4a). While higher scan
resolutions would enable more precise determination of individual fiber
bundles and fibers, the marginal gain in information does not justify the
additional scanning and processing effort due to the process-inherent
scattering of LFT-D manufacturing. Specifically, fiber orientation at a
given location within the plastificate may vary along the extrusion
direction (particularly for smaller evaluation volumes); however, the
general orientation trends remain consistent due to the continuous
nature of the compounding process. A comprehensive discussion of scan
properties and sample size for the investigated CF-PA6 is provided in
[29]. Given the continuous compounding process within the second
twin screw extruder, periodicity in the fiber orientation along the extru-
sion direction can be assumed [20]. Furthermore, due to the expected
twofold symmetry [24], only one quarter of the plastificate and the
volume around one extruder screw are evaluated (cf. Fig. 4a). The in-
vestigated scan volume was divided into 10 mm x 10 mm x 10 mm cells,
from which the fiber orientation is determined. As the fiber orientation
in the region of the extruder screw is expected to exhibit higher spatial
variation, an additional finer grid of 3.3mm X 3.3mm x 3.3 mm was
used for this region. The resulting volume-averaged second-order fiber
orientation tensors, rendered as superquadric glyphs [34], are shown
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Fig. 4. Volume-averaged second-order fiber orientation tensors A rendered as superquadric glyphs [34] of a CF-PA6 plastificate evaluated in (b—c) the upper left
quadrant at different positions in extrusion direction and (d-e) around the swirl region where one of the extruder screws was located for different grids. The
positions are indicated in the rendered pCT slice shown in (a), which corresponds to the region analyzed in (d-e). The coordinate system in (a) corresponds to

the plate coordinate system introduced in Fig. 2.
Source: Adapted from [23,29].

in Fig. 4b-e. Fig. 4b-c show the fiber orientation of one plastificate
quarter determined at two separate positions along the extrusion axis,
while Fig. 4d-e show the fiber orientation in the volume where the
extruder screw was located. In Fig. 4b—c, the upper left volume contains
insufficient material for a confident fiber orientation determination. As
mentioned in Section 1.1, the fiber orientation tensors exhibit a swirl-
like pattern around the extruder screw region (cf. Fig. 4e) and are
oriented circumferentially towards the plastificate’s contour (cf. Fig.
4b—c). As the available pCT data does not cover the entire plastificate
volume, a fiber orientation generation methodology [23] is employed
to account for the initial fiber orientation state in the process simulation
(cf. Section 3.4).

3. Modeling

This section describes the numerical modeling framework employed
to simulate LFT-D compression molding, with a focus on capturing
the key phenomena observed experimentally: the formation of skewed
flow fronts and spatially varying fiber orientation evolution. First, the
governing balance equations and the simulation framework are intro-
duced (Section 3.1). Then, the anisotropic viscous constitutive model
and its parameterization are presented, including the fiber orientation
evolution equation (Section 3.2). To account for the experimental
observations, we describe the incorporation of the initial void-content
distribution (Section 3.3) and the geometry-based generation of the
three-dimensional initial fiber orientation field (Section 3.4). Finally,
the compression molding simulation model is detailed (Section 3.5).

3.1. Governing equations

The motion of the material on a domain Q is governed by the
conservation of mass and linear momentum:

dp _
E+V-(pu)—0, (2)
L 4V (@ =V -0, 3)

where p describes the mass density, u the velocity, and o the Cauchy
stress tensor. Gravitational forces are neglected as their contribution to
the flow dynamics is expected to be negligible. The governing equations
are solved on the macroscale using the coupled Eulerian-Lagrangian

(CEL) approach [36,37] available in Abaqus/Explicit. In this operator-
split framework, the conservation equations are first solved in a La-
grangian step on a deforming mesh, considering only source terms.
Subsequently, the solution variables are advected back onto the unde-
formed mesh using a second-order transport algorithm [36]. To obtain
a closed set of equations, an equation of state relating the hydrostatic
pressure p = f(p) to the density is required.

The material is tracked via the volume-of-fluid method, wherein
each element is assigned an Eulerian volume fraction « € [0,1]
representing the material presence. Elements without material have
zero volume fraction. The material surface, reconstructed from «, can
interact with Lagrangian bodies via contact constraints or form a free
surface.

3.2. Anisotropic viscous material model and parameterization

The total stress is split into a spherical and a deviatoric part:
c=—-pl+r1, 4

where p denotes the hydrostatic pressure and r the viscous stress. The
viscous stress is governed by a fourth-order anisotropic viscosity tensor
V that relates the deviatoric rate of strain tensor D’ = I4V[D] to the
viscous stress:

=V [D'], (5)

with V/ = [9ev v [dev,

Analogous to our previous work [5], we employ the deviatoric
formulation of the orientation-averaged anisotropic viscosity tensor
proposed in [15], which depends on the fourth-order fiber orientation
tensor A and the viscous anisotropy ratio R,:

V' = 2193 <11d9V+2(R,1—1) <A—%(1®A+A®1)+é(1®1)>>,

©

where 1,3 denotes the transverse shear viscosity, and R, =
(m1/m03 +1) /4, with 5;; being the elongational viscosity in fiber
direction. Since D’ is already deviatoric, only the first index pair of
V must be constrained to the deviatoric space to ensure a purely
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Table 1
Isothermal anisotropic viscous material properties of CF-PA6 LFT-D at 255°C.
Source: Adapted from [5].

Property Value
Zero-shear-rate viscosity #, in MPas 11.80
Transition shear rate j, in s 4561073
Power law index n 0.21
Anisotropy ratio R, 2.20

deviatoric viscous stress. Thus, a computationally efficient reduced
form of V is obtained [38]:

V= I = 20 <]Ide" v2(R,~1) <A “lue A))) , @

which satisfies ¢ = V' [D'] V" [D']. This reduced formulation
eliminates redundant tensor operations compared to Eq. (6), thereby
improving computational efficiency.

The transverse shear viscosity 753(7) depends on the shear rate y =
V2D - D following a Cross-like formulation [39]:

o

o\1-n’
1+<L)
70

where 7, denotes the zero-shear-rate viscosity, and j, the transition
shear rate. The material parameters are adapted from the viscosity
characterization of the same CF-PA6 LFT-D in our previous work [5],
in which we performed isothermal squeeze flow tests on cylindrical
samples with initially aligned fiber orientation. The test samples were
cut from compression-molded plates and are therefore void-free; the
porosity of the LFT-D plastificate is instead incorporated geometrically
as described in Section 3.3. In contrast to the power law model used
in our previous work, which is unbounded at low shear rates, the
Cross-like model introduces a finite zero-shear-rate viscosity, thereby
improving numerical stability. The respective isothermal material pa-
rameters at 255 °C, including the viscous anisotropy ratio R, = 2.2 [5],
are listed in Table 1.

To obtain a closed set of equations (cf. Egs. (2) and (3)), the hydro-
static pressure p(p) is related to the density via a Mie-Griineisen-like
equation of state:

P
P =pocy (1—7‘)), ©

where p, denotes the reference density and ¢, the sonic speed.

The evolution of fiber orientation is modeled using the Mori-
Tanaka [40] based differential equation, as formulated by Favaloro
[41] and generalized by Karl and Bohlke [42]. Including isotropic
rotary diffusion [33,43], the evolution equation reads:

DA

N2z = ®

u
PA _wa_aws+—* DA+ AD-2A[D))
Dt (1 — (pf)
+ 2" (DAA+AAD -24DA) (10
(1 - fPf)
+2C7 (I - 34),

where W is the spin tensor, C; is the empirical interaction coefficient,
and p is a shape factor depending on the fiber aspect ratio r;. For
slender fibers with r; > 1, we set u ~ 1. The interaction coefficient
C; = 0.01 accounts for (random) fiber—fiber interactions that limit the
degree of alignment achievable during flow (cf. Fig. 2). In contrast to
Jeffery’s equation [44] for a single fiber (¢; — 0), the Mori-Tanaka
equation accounts for the mean orientation-dependent spin of the fibers
through the additional volume-fraction-dependent term in Eq. (10).
The required fourth-order orientation tensor A is approximated from
A using the invariant-based optimal fitting (IBOF) closure [45]

A ~ ABOF(4), an

which preserves orthotropy.
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The constitutive equation, fiber orientation evolution equation, and
IBOF closure are implemented within a VUMAT user subroutine with
five independent state variables for the components of A.

3.3. Initial void-content distribution

The plastificate exhibits a substantial void content, including fluc-
tuations along the extrusion axis (cf. Fig. 3). While incorporating the
void content through a constitutive material model would be desir-
able, the continuous nature of the in-line process makes experimental
characterization of the compaction behavior challenging. The effective
compaction behavior of the whole plastificate could be determined
from compression trials with 100 % initial mold coverage, as demon-
strated by Meyer et al. [46] for sheet molding compounds (SMC).
However, such an approach yields only the average compaction behav-
ior and does not capture the spatial variations in void content along
the extrusion direction. Since our primary interest lies in understanding
whether these void-content fluctuations contribute to the formation of
an inclined flow front, we adopt a geometric approach to incorporate
the measured void-content distribution (cf. Fig. 3) into the simulation
model.

This geometric approach is based on the assumption that the ma-
jority of entrapped air escapes prior to significant flow development.
This is supported by the molding experiments, in which a significant
press force buildup is delayed until the mold gap falls below approx-
imately 15mm, which is well below the initial plastificate height of
approximately 50 mm. This indicates that the early compression phase
is dominated by void collapse rather than lateral material flow. Under
this assumption, the LFT-D plastificate can be treated as having uniform
material density after void collapse, with the influence of spatially
varying void content manifesting solely as a variation in plastificate
height. Regions with lower void content therefore retain a greater
material height after collapse and provide more material for lateral dis-
placement, causing flow to commence there first. We further consider
the most conservative case in which lofting occurs exclusively in the
height direction (3-direction in Fig. 2), i.e., the plastificate exhibits no
geometric skewness in plan view at the onset of molding. The observed
flow front asymmetry thus develops progressively during compression,
consistent with experimental observations.

The methodology begins with an idealized plastificate geometry
(rectangular cuboid) whose dimensions correspond to the average ones
of the physical plastificate. The plastificate height A(x,) along the extru-
sion direction x, is then scaled by the solid fraction (1 - v(xz)), derived
from the experimentally determined void-content distribution v(x,)
from Fig. 3, as illustrated in Fig. 5. To obtain a smoother height profile,
the discrete void-content measurements are approximated by a higher-
order polynomial. Given that the void-content analysis is performed on
GF rather than CF plastificates (due to data unavailability) and that
the virtual plastificate’s geometry is idealized (rectangular cuboid), the
plastificate height is uniformly scaled so that its volume slightly exceeds
the final part volume, thereby avoiding short shots and favoring slight
overfill in the simulation.

3.4. Initial fiber orientation state

As demonstrated in Section 2.3, the LFT-D plastificate exhibits a
spatially varying initial fiber orientation distribution. To account for
this in the simulation, we employ the geometry-based fiber orientation
generation approach introduced in [23], which creates a realization
of the plastificate’s initial fiber orientation that reproduces the char-
acteristic features observed in physical plastificates. This geometric
approach enables consideration of the initial fiber orientation without
requiring (high-resolution and full-field) pCT scans and subsequent
postprocessing. However, pCT scans were used to initially identify and
characterize the features of the initial fiber orientation field [23].
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Fig. 5. Schematic of geometry-based void-content modeling.

The fiber-orientation generation methodology constructs artificial
fiber orientations p* € S2 from the tangent and normal vectors of
ellipses with centers at the positions of the extruder screws’ centers
and at the center of the plastificate’s cross-section perpendicular to
the extrusion direction, as illustrated in Fig. 6. The numeric indices
();, with j = 1,2,3, in Fig. 6 denote the ellipses, and (-); and (-),
denote whether the fiber is constructed from the tangent or the normal
of the ellipse. The ellipse axis ratios (horizontal divided by vertical
axis) are set to w/(2h) and w/h for the ellipses at the extruder screws
(indices 1 and 2) and the cross-section center (index 3), respectively,
depending on the plastificate’s width w and height A(x,). The element-
wise second-order fiber orientation tensor Ay(%¥) with respect to the
local plastificate coordinate system {&;} (cf. Fig. 6), is then computed
as the weighted sum of the five discrete artificial fiber orientations p?
(cf. Fig. 6):

5
- 1 oy dy
Ag(®) = ——— ) o, (B}, 12)
Z,- wi(x) i
where w;(X) denotes the weight function of the ith fiber vector. The
weight functions for the fiber orientations constructed from the tan-
gents are defined as

dy +d
o = Z z, (13)
dy +d
w2 = 1d—22 a4
2% 251\* .
® 1 argmax( T ) , ¥ <0
W3 = . {4 15)
o o ar 20531 215 4 >0
(2 argmax | ==, =~ , X >0,

and for the fiber orientations constructed from the normals (only for
fibers from extruder screw ellipses) as

. 20%| o 2%[\*
wn,j=a)l,jargmm<l— 7 ,I—T) , j=12, ae)
where d; and d, denote the Euclidean distances between the material
point and the respective ellipse centers. The artificial fiber orien-
tation field is constructed to lie within the plane perpendicular to
the extrusion direction (1,3-plane in the local plastificate coordinate
system). The out-of-plane component A,, (in extrusion direction) is
assigned a constant value of 0.1, consistent with the experimentally
determined predominantly planar fiber orientation states shown in
Fig. 4, which also aligns with observations in [29] on GF-PA6 fea-
turing the same PA6 matrix. As evident from Fig. 6, the generated
orientation field reproduces the characteristic features observed in
the physical plastificate (cf. Fig. 4): circumferential orientation at the
perimeter, swirl-like patterns around the extruder screw positions, and
more isotropic orientation towards the center. The thin surface layer
exhibiting strong alignment in the extrusion direction is not explicitly
modeled, as its influence on flow behavior is negligible. Furthermore,
accurately capturing this boundary layer would necessitate very fine
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Fig. 6. Glyphs of the initial fiber orientation A,(x) generated from artificial
fibers p* following [23] on an exemplary grid.

mesh discretization near the plastificate’s surface; otherwise, its con-
tribution would be artificially overestimated. The plastificate’s fiber
orientation field is mapped onto the Eulerian simulation mesh using
Euclidean interpolation [47] with inverse distance weighting [48].

3.5. Compression molding simulation model

The mold cavity is represented by an Eulerian mesh using hexahe-
dron elements with reduced integration (EC3D8R). The LFT-D plastifi-
cate is defined as an initially filled subset through an element volume
fraction field a. The plastificate’s height distribution h(x,) along the
extrusion direction is prescribed according to the procedure in Fig. 5
and the void-content distribution in Fig. 3. The corresponding maxi-
mum and minimum plastificate heights are about 16.8 mm and 14.0 mm,
respectively. As illustrated in Fig. 7, we exploit symmetry with respect
to the 1,2-plane and model only the upper half of the cavity. Since
thermal effects are not considered, we use a constant temperature of
255°C. The mold is modeled as a rigid body (shell elements: R3D4).
The rigid body interacts with the LFT-D surface via a penalty-based con-
tact formulation that prevents penetration in the normal direction and
enforces a no-slip boundary condition in the tangential direction. The
latter is the standard boundary condition for thermoplastic-based mold-
ing composites, as a solidified thermoplastic layer forms at the mold
surface due to rapid heat dissipation into the cold mold. The no-slip
condition was experimentally verified by spraying a dot pattern on the
plastificate’s surface, which remained quasi-unsmeared after molding.
The compression speed h(h) is prescribed via compression-speed-mold-
gap tuples in the VUAMP subroutine as in [39]. A schematic of the
initial setup including the boundary conditions, model dimensions, and
the plastificate’s extrusion direction is shown in Fig. 7.

To increase the computational efficiency of the explicit time inte-
gration scheme, a global mass scaling of 10* is applied. The validity of
this scaling is ensured by verifying that the kinetic energy remains suf-
ficiently small compared to the total work throughout the simulation.
The time increment is additionally scaled by a constant factor of 0.7 to
increase numerical stability in the presence of contact interactions and
material nonlinearities.

4. Numerical investigation

In this section, we numerically investigate the compression molding
process using the simulation model described in Section 3.5. The anal-
ysis is structured in two parts: First, we examine the influence of mesh
discretization on the predicted flow front evolution and resulting fiber
orientation field. Then, we investigate the sensitivity of the fiber orien-
tation evolution to the viscous anisotropy ratio R,. Throughout these
studies, particular attention is given to the formation of the skewed
flow front observed experimentally (cf. Fig. 1) and its relationship to
the initial void-content distribution and fiber orientation field. Unless
otherwise specified, the material parameters listed in Table 1 are used.
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Fig. 7. Schematic of the (symmetric) simulation model at the onset of molding
with lateral view (View A) at the bottom. The extrusion direction is indicated
in View A.

4.1. Mesh size influence

For the mesh study, we simulated the numerical model described
in Section 3.5 with different in-plane (ip; 1,2-plane in Fig. 7) and
out-of-plane (op; 3-direction) element lengths: leijp € {4,5}mm and
leop € {0.75,1.00} mm. In the out-of-plane direction, the mesh be-
gins with two uniform elements of height /., at the symmetry plane
(x3 = 0). Beyond these, a linear bias is applied, with element heights
increasing progressively to approximately 2.0mm at the top of the
Eulerian domain, resulting in a total domain height of approximately
18.5mm. The explicit time integration scheme in Abaqus/Explicit con-
strains through-thickness mesh discretization due to computational
cost. The stable time increment scales directly with element size, and
material anisotropy (R, > 1.0) further reduces this increment due
to directional variations in viscous response. At the onset of mold-
ing, sufficient through-thickness elements are available to capture the
three-dimensional fiber orientation. Towards the end of flow, when
fiber orientation becomes predominantly planar, the predicted flow
field and fiber reorientation represent approximations of the actual
through-thickness behavior. Nevertheless, Blarr [29] demonstrated for
both CF-PA6 (identical material) and GF-PA6 (identical PA6 matrix)
that the resulting fiber orientation exhibits minimal through-thickness
variation. This is attributed to the progressively narrowing mold gap
during compression, which geometrically constrains out-of-plane fiber
rotation, resulting in predominantly planar fiber alignment at the end
of molding.

Fig. 8 shows the predicted flow patterns for the different discretiza-
tions. The numerical flow front is reconstructed as an isosurface at
a = 0.5, and the gray box indicates the initial plastificate position.
The experimental flow front contours (black lines; cf. Fig. 1) and the
corresponding simulated contours (red lines) at mold gaps of eight and
four millimeters are added for reference. The root mean square errors
(RMSE) between the experimental and simulated contours at these
mold gaps are annotated in red. All simulations exhibit the formation
of a skewed flow front arising from the prescribed void-content dis-
tribution, which becomes particularly pronounced towards the end of
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Fig. 8. Flow front evolution for different in-plane and out-of-plane element
lengths I ;,, I..,- The flow front is reconstructed at a = 0.5, and the gray
block corresponds to the initial contour. For reference, the experimental
contours at eight and four millimeters are included (black lines), and the
corresponding simulated contours are highlighted in red. The root mean square
errors (RMSE) between experimental and simulated contours at these mold
gaps are annotated in red.

molding. Neither in-plane nor out-of-plane discretization significantly
affects the predicted flow pattern. The simulated contours are in good
agreement with the experimental contours at a gap of eight millimeters,
supporting the validity of the geometric modeling approach and sug-
gesting that the inhomogeneous void-content distribution is adequately
captured. Additionally, the predicted fiber orientation field is compared
against the experiments.

Fig. 9 shows glyphs of the through-thickness averaged second-order
fiber orientation tensors A at the experimental sample positions from
both simulation (dark gray) and experiment (light gray). The coloring
represents the principal fiber direction 9 (predicted by the simulation),
defined as the angle about e; (cf. Fig. 7) formed by the eigenvec-
tor corresponding to the largest eigenvalue of A. Since eigenvectors
have no preferred direction, angles are mapped to the range 9 €
(=90°,+90°]. The predicted fiber orientation fields are similar across
all mesh discretizations (cf. Fig. 9). As expected, the skewed flow front
is reflected in the resulting fiber orientation tensor field A(x), which
exhibits significant spatial variation. In contrast to a simulation with
uniform plastificate height (i.e., without void-content distribution; cf.
Appendix A), the fiber orientation field lacks symmetry with respect
to the 1, 3-plane at half mold width (x5 = 200 mm). Instead, a distinct
rotation about the out-of-plane 3-axis in positive 2-direction is observed
across this plane (see glyphs at x5 = 200 mm in Fig. 9). The pronounced
rotation about the out-of-plane axis towards the corners in the flow
region (x; > 300 mm) results from flow deflection when the material
makes contact with the rear mold wall.

Comparing predictions with experiments reveals good agreement at
most sample positions (signed angular deviations are listed in Appendix
B). At the top right and bottom right positions, the predicted fiber
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Fig. 9. Glyphs and principal fiber direction § of A at the end of compres-
sion for different in-plane and out-of-plane element lengths /.;, and /.
Experimental fiber orientation glyphs are included for reference (light gray).
The principal fiber direction is defined as the angle about e; formed by the
eigenvector corresponding to the largest eigenvalue of A. Since eigenvectors
have no preferred direction, angles are mapped to the range (—90°,+90 °].

orientation tensor exhibits the same sense of rotation about e5 as ob-
served experimentally, though the rotation amplitude differs from the
experiments. At the top left position, however, the predicted rotation
direction does not match the experimental observation, whereas the
predicted fiber orientation by the simulation is plausible given the
flow pattern (cf. Fig. 8). In addition to rotational dependency about
es3, the shape of the fiber orientation tensors also exhibits slight mesh
dependency. The shape is evaluated based on the fractional anisotropy
FA=+/3/2|A'|l/||All, where A’ = A —I/3 denotes the deviatoric part

of A, and ||| denotes the Frobenius norm. The F A is a measure for the
degree of fiber alignment. The finest discretization (cf. bottom right
in Fig. 9) predicts higher FA than the coarsest (cf. top left), though
both show good agreement with the experiments, with the finer mesh
matching slightly better. Accordingly, for the subsequent investigation,
we adopt the discretization /.5, = 4mm and /.,, = 1mm as this
represents a reasonable compromise between computational efficiency
and predictive accuracy.

4.2. Influence of fiber-induced anisotropy

To investigate the influence of fiber-induced anisotropy on flow
behavior and fiber orientation evolution, simulations with two-way
flow-orientation coupling and varying viscous anisotropy ratios R, =
{2.2,4.0,8.0} and one simulation with one-way coupling (isotropic
viscosity) are performed. The viscous anisotropy ratio R, = 2.2 follows
from squeeze flow characterization (cf. Table 1). Fig. 10 presents the
evolution of the through-thickness averaged fiber orientation tensor
fields A(t, x) at different mold gaps h(?). Fig. 11 shows the flow patterns.

We deliberately choose the viscous anisotropy ratio R, = 8 as the
extreme case, in which the Abaqus CEL approach ultimately fails before
the desired mold gap is reached. This is due to artificial diffusion of
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linear momentum and a tendency towards zero energy states, where
viscous stress and rate of strain tensor are almost orthogonal. Attempts
to stabilize the simulation through finer mesh discretization (.., =
0.75mm) resulted in even earlier termination, as the reduced element
size further decreased the critical time increment. Consequently, results
are presented only up to the mold gap preceding numerical instability.
Assuming a monotonic evolution of fiber orientation during molding,
the available evolution data still provide valuable insights into the
influence of stronger anisotropy coupling on flow development.

For one-way coupling (top row in Fig. 10), the fiber orientation
field lacks symmetry with respect to the 1, 3-plane at half mold width
(x5 = 200mm) and exhibits a slight rotation about the out-of-plane 3-
axis in this region, which is also reflected in the flow pattern (cf. Fig.
11a). This demonstrates that the inhomogeneous void content alone
induces asymmetric flow patterns, independent of anisotropic viscous
effects, which aligns with our purely qualitative study in [27]. The fiber
orientation evolution for R, = 2.2 (second row in Fig. 10) exhibits only
subtle differences in both flow pattern and fiber reorientation compared
to the isotropic case (one-way coupling). The initially predominantly
in-plane fiber alignment in the 1,3-plane promotes material flow in
the 2-direction, causing the material to contact the mold wall slightly
earlier than in the isotropic case (compare white contours at A =
12mm in Fig. 11a and b). However, once both mold walls are reached,
the flow is geometrically constrained to a quasi-one-dimensional state
in which anisotropic viscosity has limited capacity to alter the flow
direction. With increasing R,, the flow front becomes more irregular
(cf. Fig. 11c-d), and as molding progresses and the mold gap nar-
rows, spatial variations in fiber orientation, specifically in the principal
fiber direction 9, become more pronounced (compare, e.g., R, =22
and R, = 8 at » = 3.6mm in Fig. 10). The asymmetric velocity
field resulting from the initial void-content distribution drives fiber
reorientation through the velocity gradient. Simultaneously, the fiber-
orientation-dependent viscous stress generates higher flow resistance
in the fiber direction, preferentially directing material flow transverse
to the local fiber orientation. This flow deflection further reorients the
fibers, establishing a coupling mechanism between fiber orientation
and flow direction that is driven by anisotropic viscous behavior.

5. Discussion

Influence of plastificate properties and anisotropy coupling. The simula-
tion results with orientation-independent viscosity already exhibit a
skewed flow front, which can solely be attributed to the inhomoge-
neous void content, thereby corroborating the findings in Schelleis
et al. [27]. Since the flow becomes quasi-one-dimensional once the
material reaches the upper and lower mold walls, anisotropic coupling
effects are largely suppressed by the geometric confinement. Therefore,
anisotropic effects are not as pronounced in the simulations with the
viscous anisotropy ratio R, characterized in our previous work [5].
However, with increasing viscous anisotropy ratio R,, which might
be achieved when increasing the fiber volume content or the average
fiber length, e.g., by changing the twin screw extruder settings, the
evolving fiber orientation exhibits stronger spatial variations, especially
in the investigated limiting case of R, = 8. The initial fiber orientation
field is mainly governed by the screw geometry (cf. Section 2.3) and is
assumed to be independent of the lofting mechanism, i.e., d4,/0x5 = 0.
Therefore, the skewed flow front must follow from the initial void-
content distribution. While the geometry-based modeling approach for
the void content poses a simplification, experimental characterization
of the actual physical behavior is not readily available due to in-line
compounding, as discussed in Section 3.3. Nevertheless, assuming an
initial collapse of voids, it is to be expected that material flow will
begin first in regions with lower void content, which is captured by
the simulations.

The void-content distribution used in this study was characterized
on a GF-PAG6 plastificate (identical PA6 matrix), as pCT data of a CF-PA6
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Fig. 10. Evolution of glyphs and principal direction 9 of A(z,x) for different anisotropy ratios R, and one simulation with one-way coupling (isotropic viscosity)
at decreasing mold gaps h(r). The flow front is reconstructed at « = 0.5. For R, = 8, the simulation terminated prematurely; only results preceding numerical

instability are shown.

plastificate were not available. Since a skewed flow front is observed for
both materials, utilization of the GF-PA6 data is more reasonable than
restricting oneself to the purely qualitative approach in [27], where
we assumed a trapezoidal shape. Furthermore, the ends of the GF-
PAG plastificate were cut off during sample preparation. Given the free
surface at the ends of the plastificate, the void content at the ends is
expected to be higher, which has not yet been considered given the
data restrictions and should be addressed in future work. In addition,
to further increase the accuracy of the simulation, the actual contour of
the plastificate could be discretized. Nonetheless, the simulations show
that the inhomogeneous plastificate properties at the onset of molding
are crucial to accurately predict the flow behavior.

Implications for mechanical characterization. These findings also trans-
late to mechanical characterization, which is typically done on samples
from compression molded plates with lateral plastificate positioning
to emphasize fiber alignment via the flow path length. In addition to
the scatter between plates, the fiber orientation within a plate is also
strongly dependent on the position of sample extraction. According to
the fiber orientation field predicted by the simulation (cf. Fig. 9), the
position and orientation of the samples must be chosen based on the
local fiber orientation to minimize scatter in mechanical properties.
Therefore, it might not be meaningful to estimate a global average
fiber orientation of a plate from sparse fiber orientation data obtained
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via pCT (cf. Fig. 2) as in [6]. Consequently, process simulations can
serve as a valuable tool for guiding sample extraction and improving
the reliability of mechanical characterization.

Numerical limitations. Although the fully coupled simulation method
captures process-specific effects, several limitations apply. The stable
time increment depends strongly on element size and the instanta-
neous directional viscosity. This severely restricts through-thickness
discretization to maintain acceptable computation times, limiting the
resolution with which the through-thickness velocity profile can be ap-
proximated. A no-slip boundary condition, which is physically plausible
for LFT-D (cf. Section 3.5), produces a highly nonlinear through-
thickness velocity profile that becomes even steeper when shear-
thinning is included. In Abaqus CEL, however, velocity boundary
conditions are not explicitly imposed but approximated implicitly via
fluid-structure interaction. This, combined with the limited through-
thickness resolution, prevents an accurate prediction of compression
forces. Fine through-thickness resolution is likewise required to model
thermal effects, which are therefore not considered in this work. More-
over, the decreasing mold gap during compression leads to increasing
deformation rates and thus a progressively smaller stable time incre-
ment. Consequently, the global mass scaling factor must be tuned to the
most critical stage of molding — typically near the end of flow where
shear rates are highest and fewest through-thickness elements remain
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Fig. 11. Numerical flow front evolution for different anisotropy ratios R, and
one simulation with one-way coupling (isotropic viscosity). The flow front is
reconstructed at « = 0.5. The gray block corresponds to the initial contour. For
reference, the experimental contours at eight and four millimeters are included
(black lines), and the corresponding simulated contours are highlighted in
red. The root mean square errors (RMSE) between experimental and simulated
contours at these mold gaps are annotated in red.

— substantially reducing computational efficiency throughout the sim-
ulation. To the authors’ knowledge, no existing compression molding
simulation yet combines a fully anisotropic viscosity model, shear-
thinning behavior, and a no-slip boundary condition. Several recent
studies [49-51] have employed the informed isotropic (IISO) viscosity
model [38] instead of a fully anisotropic viscosity model to leverage
robust isotropic compression molding solvers that permit finer through-
thickness discretization and thus a no-slip condition. However, we
have shown that the IISO model cannot accurately capture anisotropic
viscous behavior in compression molding [52] and should therefore be
avoided when investigating flow—fiber coupling effects. Therefore, the
proposed simulation approach poses a reasonable compromise between
physical fidelity and computational feasibility at the current state of the
art.

6. Conclusion

This work presented a two-way flow-orientation coupled simula-
tion methodology for LFT-D compression molding that simultaneously
accounts for anisotropic viscous behavior, the plastificate’s initial fiber
orientation, and its spatially varying void content. A geometry-based
fiber orientation generation approach was employed to prescribe the
plastificate’s initial fiber orientation state without requiring full-field
uCT scans, reproducing the characteristic features observed in physical
plastificates. Furthermore, a geometry-based approach for incorporat-
ing the experimentally determined void-content distribution was intro-
duced, wherein the plastificate’s height is scaled along the extrusion
direction according to pCT-derived void-content data. The simulations
demonstrate that this inhomogeneous void-content distribution is the
major contributing factor to the formation of the skewed flow front
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observed experimentally, corroborating the experimental findings in
the literature. Already a one-way coupled simulation, i.e., assumed
isotropic viscous behavior, exhibits a skewed flow pattern solely due
to the prescribed void-content distribution. This underscores the impor-
tance of accurately characterizing and modeling the plastificate’s initial
state. Since the flow is geometrically constrained once the material
reaches both mold walls in the investigated plate geometry, the two-
way coupled simulation with the experimentally characterized viscous
anisotropy ratio yields only subtle differences compared to the one-way
coupled case. However, with increasing viscous anisotropy ratio, two-
way flow-orientation coupling becomes more relevant, leading to more
spatial variations in the fiber orientation field.

Several aspects require further investigation to improve the pre-
dictive accuracy. The void-content distribution used in this study was
obtained from a GF-PA6 plastificate due to the unavailability of CF-
PA6 pCT data. Therefore, we encourage future work to conduct a
more extensive end-to-end characterization study. This comprises void-
content determination and resulting fiber orientation tensor scans for
a significant sample size. Regarding the simulation methodology, the
through-thickness discretization is constrained by the critical time in-
crement in the explicit integration scheme, particularly in the presence
of anisotropy coupling and no-slip boundary conditions. As a result, the
through-thickness velocity gradient is only coarsely resolved towards
the end of flow, limiting the framework’s applicability to complex
three-dimensional parts. Nonetheless, the simulations highlight the im-
portance of accurately modeling the plastificate’s initial conditions and
confirm that the void-content distribution is a decisive factor governing
the flow front evolution during compression molding.
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Appendix A. Two-way coupled simulation with uniform void con-
tent

This section presents simulation results obtained without accounting
for the void-content distribution, i.e., assuming a uniform void content
along the plastificate and, consequently, a constant plastificate height.
All other aspects of the model follow Section 3.5, and the material
parameters are taken from Table 1. Fig. A.1 shows the flow front
evolution, and Fig. A.2 shows the principal fiber direction 9 and glyphs
of the predicted through-thickness averaged fiber orientation tensor
field A. As expected, both the flow front evolution and A are symmetric
about x, = 200 mm, i.e., not skewed. Furthermore, the fiber orientation
tensors at the symmetry plane (x, = 200mm) are aligned along the
1-direction.
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Fig. A.1. Flow front evolution for simulation without consideration of void-
content distribution. The flow front is reconstructed at « = 0.5, and the gray
block corresponds to the initial contour.
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Fig. A.2. Glyphs and principal fiber direction 9 of A at the end of compression
for the simulation without consideration of the void-content distribution. For
comparison, the fiber orientation glyphs from the simulation accounting for
the void-content distribution (cf. Fig. 9, bottom right) are superimposed in
light gray.

Appendix B. Quantitative comparison with experiments

Table B.1 lists the signed angular deviation 49 = 8, — 9.4, of the
principal fiber direction § of A between the mesh-study simulations and
the experiments for all nine measurement positions (cf. Fig. 2). The
graphical comparison via tensor glyphs is shown in Fig. 9.
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Table B.1
Signed angular deviation 49 = 9, — 9.y, in the principal fiber direction § of
A between simulations and experiments. The sample nomenclature is defined
in Fig. 2.

Position A9 in °

lejp =5mm lejp =4mm

leop = 1.0mm leop = 0.75mm leop = 1.0mm leop =0.75mm
C-1 -28.5 -27.1 -25.5 -22.3
C-2 -1.1 -1.7 -0.8 -0.9
C-3 8.0 6.7 5.3 0.3
C-F-1 2.7 5.0 4.4 4.8
C-F-2 1.78 1.3 2.3 1.6
C-F-3 -3.7 -5.3 -5.5 -6.3
F-1 27.7 22.1 24.3 18.1
F-2 4.6 0.8 2.7 1.7
F-3 -18.5 -12.1 -11.5 -9.4

Data availability

Data will be made available on request.
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